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claudin-20 is a member of the claudin family of transmembrane 
proteins located in the tight junction (tJ) of cells of epithelial origin. 
Due to the increasing evidence supporting the role of tJ proteins 
in preventing tumor cell metastatic behavior, this study sought to 
evaluate the distribution of claudin-20 in human breast cancer and 
the effect of claudin-20 overexpression in human breast cancer 
cells.

Q-Pcr data from breast cancer primary tumors (n = 114) and 
matched background tissue (n = 30) showed that high claudin-20 
expression was correlated with poor survival of patients with breast 
cancer (p = 0.022). Following transformation of the breast cancer 
cell lines MDA-MB-231 and McF7 with a claudin-20 expression 
construct functional assays were performed to ascertain changes 
in cell behavior. claudin-20 transformed cells showed significantly 
increased invasion (p < 0.005) and were significantly less adhesive 
than wild type cells (p < 0.05). there was no effect on growth (either 
in vitro or in vivo) for either cell line. overexpression of claudin-20 
resulted in reduced transepithelial resistance (induced by the moto-
gen hGF at 25 ng/ml, p = 0.0007). interestingly, this was not mir-
rored by paracellular permeability, as overexpression of claudin-20 
caused a decrease in permeability.

the introduction of claudin-20 into human breast cancer cells 
resulted in breast cancer cells with an aggressive phenotype and 
reduced trans-epithelial resistance. there was no corresponding 
decrease in paracellular permeability, indicating that this claudin 
has a differential function in epithelial tJ. this provides further 
insight into the importance of correctly functioning tJ in prevent-
ing the progression of human breast cancer.

Introduction

For progression of cancer metastases it is essential for cancer 
cells to dissociate from the primary tumor and penetrate the 
vascular endothelium. For dissociation to occur there must be 
a loss in cell-cell adhesion and, in epithelial cells, these cell to 
cell associations are composed three distinct but interacting com-
ponents, the tight junctions (TJs) which are usually situated at 
the apex of the lumen-facing membrane, the adherens junctions 
which are the next structure within the junction structures and 
the desmosomes.

Due to their position, TJs consequently provide an essential 
barrier for cancer cells to overcome in order to metastasise. TJs 
provide a barrier that is able to selectively regulate diffusion of a 
number of substances (small molecules, water, ions) through the 
between adjoining cells and thus are regulators of paracellular 
permeability.1 They also support the maintenance of cell polarity 
by functioning as a molecular fence, thus restricting the diffusion 
of basolateral and apical membrane structures.2 Importantly, it 
has been shown that TJs of vascular endothelium can act in vivo 
as a barricade against metastatic cancer cells.3

The protein components of TJs can be divided into the trans-
membrane proteins which include the TJ-associated MARVEL 
Proteins (TAMP) (occludin, tricellulin, MARVELD3), (J)
unctional (A)dhesion (M)olecules and the Claudins; the cyto-
plasmic plaque/anchoring proteins include Zona Occludens -1, 
-2, -3 (ZO-1, ZO-2, ZO-3); and associated regulatory proteins 
including α-catenin, cingulin etc. The trans-membrane proteins 
are linked to the cytoplasmic anchoring proteins via scaffolding 
and adaptor proteins, together with signaling proteins and link-
ers to the cytoskeletal. The ZO family and other PDZ proteins 
are bound to the cytoplasmic tails of the trans-membrane pro-
teins.4 Studies have indicated that components of the TJ complex 
are involved directly or indirectly during the metastasis of breast 
cancer.5-9 One such family of TJ proteins is the Claudin fam-
ily of transmembrane proteins which was originally identified by 
Furuse et al.10 who described Claudin-1 and -2. Claudins have a 
role as regulators of paracellular selectively, however, new roles 
for Claudins have been proposed showing that they are involved 
in cell growth and in (E)pithelial-(M)esenchymal (T)ransition, 
not just as cell adhesion proteins.10

To date, over 20 members have been described which can 
be divided into the so called “classic Claudins,” which include 
members with high sequence homology including Claudin-1 to 
-10, -14,-15, -17 and -19, and the “non-classic” Claudins which 
include Claudin-11, -13, -16, -18, and -20 to -24.11 Studies have 
shown that Claudin family members vary in expression depend-
ing on location and cell type, with members of this proein family 
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Figure 1. For figure legend, see page 3.
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having a PDZ domain in their COOH- terminal allowing inter-
action with the TJ cytoplasmic proteins such as ZO-1, linking 
the Claudins to the actin cytoskeleton.12 Cytoskeletal changes, as 
well as changes to cell to cell adhesion and extracellular matrix 
changes, are needed for cancer cells to become more motile in 
order to metastasise, thus Claudins would seem to have a role to 
play in this progression.

Increasingly, the importance of the Claudins in cancer pro-
gression has been demonstrated, with a reduction in Claudin-16 
being linked to aggressive tumors and high mortality in human 
breast cancer patients.13 Similarly, overexpression of Claudin-5 
renders HECV (human endothelial cells from vein) to be less 
motile and less adhesive cells.14 In skin papilloma, Claudin-1, 
-6, -11, -12 and -18 have been shown to be downregulated, 
with Claudin-2, -3 and -4 being upregulated in intestinal car-
cinoma.15-17 Downregulation of Claudin-1, -6 and -7 has been 
shown in esophageal squamous cell carcinoma with Claudin-1, -2 
and -12 upregulation and Claudin-7 and -8 downregulation seen 
in colorectal carcinoma.18-25

In breast cancer, Claudins-1 and -4 have been shown to have 
significantly higher expression in cancers that display basal-like 
subtype characteristics (Her-2-ve, ER-ve, CK5/6+ve, EGFR+ve). 
It has been suggested that when Claudins -1 and -4 expression is 
increased it is associated with this basal-like breast cancer sub-
type of, which is often related to poorer outcomes.26 Moreover, 
increases in Claudin-4 linked to adverse outcome including 
patients that have received adjuvant tamoxifen.27

There is little clear evidence supporting a role for Claudin-20 
which was originally described as being abundantly distributed in 
squamous-differentiated bronchial epithelial cells by Chen et al.28 
Also, Claudin-20 expression has been shown to increase in reti-
nal pigment epithelium during late development of TJs in chick 
embryos.29 Due to the increasing evidence supporting the role 
of TJ proteins in preventing tumor cell metastatic behavior, this 
study sought to evaluate the how overexpression of Claudin-20 
might affect the behavior of human breast cancer cells.

Results

Quantitative PCR analysis of Claudin-20 in human breast 
tissues and prognostic indicators

Quantitative-PCR analysis of gene transcripts levels (nor-
malized using CK-19/GAPDH) was used to assess differences 
in expression in human breast tissues of Claudin-20. We com-
pared the expression of Claudin-20 with the diagnostic indica-
tors NPI (Nottingham Prognostic Indicator), Grade and TNM 
status (Tumor nodal involvement: This characterizes the staging 
of tumors by evaluating (T) primary tumor, (N) nodal involve-
ment (M) metastasic disease presence). Node positive tumors 
exhibited increased Claudin-20 in comparison to node negative 
tumors (2874+/-1128, median 1324 vs. 4548+/-1549, median 

2780, respectively p = 0.07). There was also increasing expres-
sion of Claudin-20 associated with higher tumor grade, which 
did not reach significance (Fig. 1A) and TNM status, p = 0.058 
(Fig. 1B). There was no association of Claudin-20 with NPI 
(Nottingham Prognostic Indicator) status.

Claudin-20 expression and patient clinical outcome
Median values showed that Claudin-20 expression was related 

to patient outcome in those with metastatic disease and in those 
where breast cancer had caused death (Fig. 1C). When examin-
ing survival of patients with ductal carcinoma, Claudin-20 was 
elevated in those whose breast cancer had resulted in death from 
the disease (Fig. 1D) (those patients with ductal cancer who 
remained alive and well: 3828+/-1180, median 278 vs. patients 
with ductal cancer who died from the disease: 9978+/− 6321, 
median 849), although this was not significant.

Claudin-20 values were also increased metastatic disease and 
death from breast cancer and in those who had bone metastasis 
(5347+/− 2827, median: 400 and 8231+/− 6102, median 3327 
respectively vs. alive and well 3327+/− 971, median 219.8).

Claudin-20 and patient survival
Kaplan-Meier curves were calculated to assess survival (Fig. 1E 

and F). Higher levels of Claudin-20 transcript were related to 
reduced shorter overall survival when compared with patients 
with low levels of Claudin-20 (p = 0.022); high mean survival 
106.594 mo (83.823–129.753 mo, 95% CI) vs. low mean survival 
140.381months [130.65–150.111 mo, 95% CI (see Martin et al. 
2008 for cut-offs)]. A significantly shorter disease-free survival 
was associated with high levels of Claudin-20 (p = 0.021); high 
mean survival 100.444 mo (77.317–123.571 mo, 95% CI) vs. low 
mean survival 135.923months (124.959–146.888 mo, 95% CI).

Immunohistochemical staining of Claudin-20 in human 
breast tissues

Representative sections of tumor and normal human breast 
tissue sections are shown in Figure 1G. Claudin-20 was observed 
to stain more heavily in tumor tissues (bottom panel), when com-
pared with background breast tissue (top panel). This supported 
the data from transcript level analysis. The less than typical stain-
ing pattern may be due to a difference in TJ of cancer cells- they 
often do not assemble correctly due to aberrant expression of TJ 
proteins, i.e., either increased or reduced levels. Moreover, the 
function of Claudin-20 in breast cells may not be the typical 
fence/barrier function.

Overexpression of Claudin-20 in cancer cell lines derived 
from human breast cancer

RT-PCR revealed that MDA-MB-231 and MCF7 breast 
cancer cells have very low levels of Claudin-20; we therefor 
determined to overexpress Claudin-20 in these cells in order to 
investigate the role of Claudin-20 in breast cancer. Claudin-20 
was successfully overexpressed in both cell lines (MDACL20/
MCF7CL20), Figure 2A. A number of in vitro function assays 
were then performed to assess changes in cell behavior. There was 

Figure 1. expression of clauin-20 in normal and cancerous human breast tissue. increased expression of claudin-20 with tumor grade (A). claudin-20 and 
tumor nodal involvement (B). Patient outcome and increased levels of claudin-20 (C). relationship of claudin-20 to patient outcome in ductal carcinoma 
(D). overall (E) and disease-free (F) survival of patients with breast cancer and expression of claudin-20 (claudin-20 “low” vs. “high”). representative 
sections of background (top) and tumor (bottom) tissue after ihc to demonstrate increased levels of claudin-20 protein in breast cancer (G).
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Figure 2. For figure legend, see page 5.
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no observed difference in cellular morphology of the Claudin-20 
overexpression cells.

Cellular behavior and Claudin-20 overexpression
Overexpression of Claudin-20 produced cells with a signifi-

cantly increased invasive potential in both human breast cancer 
cell lines (MDACL-20 0.332 ± 0.02 RU, MDAWT 0.304 ± 0.001; p = 
0.05: MCF-7CL-20 0.07 ± 0.002 RU, MCF-7WT 0.05 ± 0.0001; p = 
0.0014) (Fig. 2B and 2C). Both MDACL-20 and MCF-7CL-20 cells 
were significantly less adhesive to basement membrane that were 
the wild type control cells (number of cells adhering to matrix: 
MDACL-20 0.2 ± 0.02 RU vs. MDAWT 0.27 ± 0.004, p = 0.007; 
MCF-7CL-20 0.043 ± 0.0005 RU vs. MCF-7WT 0.052 ± 0.0.005, p 
= 0.05) (Fig. 2D and 2E). When assessing tight junction func-
tions, it was found that overexpression of Claudin-20 resulted in 
reduced TER in MDA-MB-231 cells (induced by the motogen 
HGF at 25 ng/ml: MDACL-20 change in TER at 2h -74+/-1.5 vs 
MDAWT at 2h -40+/−4.4, p = 0.0007), Figure 2F. Interestingly, 
this was not mirrored by changes in PCP, as overexpression 
of Claudin-20 caused a reduction in permeability (MDACL-20 
change in PCP at 2h 182+/−5 vs MDAWT at 2h 260+/-10, p = 
0.05), Figure 2G. Assessment of cellular attachment (via ECIS 
technology) demonstrated no difference after Claudin-20 expres-
sion (Fig. 2H), however, overexpression of Claudin-20 caused 
cells to be able to migrate at an increased rate, compared with the 
migration capabilities of wild type cells (Fig. 2I). There was no 
effect on growth rate in vitro for either MDA-MB-231 or MCF7 
cell lines. Moreover, no significant difference in in vivo tumor 
growth rate for MDA-MB-231 cells was observed (tumor vol-
ume mm3: MDAWT 390.722+/−405.7 vs. MDACL-20 334.097+/-
185.69, p = 0.59 at day 29).

Possible interactions for Claudin-20
As there is so little information on Claudin-20, we looked at 

possible interactions between Claudin-20 and other well know 
TJ proteins. Immunoprecipitation studies revealed possible inter-
actions between all 3 ZO proteins (Fig. 3). Indeed, the stron-
gest signal was for ZO-1 (H-300) rather than the C-terminal. 
There were also signals for three other Claudins (Claudin-11, -10 
and -5) and the TJ transmembrane proteins JAM-B (VE-JAM), 
Nectin-3 and Occludin.

Discussion

The expression of Claudin-20 in human breast cancer was 
found to be increased and was related to poor outcome and sur-
vival rates in our patient cohort. Moreover, overexpression of 
Claudin-20 promoted aggressive behavior in the two breast can-
cer cell lines (MDA-MB-231 and MCF-7). In recent years it has 
become apparent that members of the Claudin protein family 
have diverse expression profiles and functions beyond those ini-
tially assigned to them.

Claudin-20, also known as EMP-1 (epithelial membrane pro-
tein-1) and TMP (tumor-associated membrane protein) was first 
described by Chen et al.28 The authors described a gene that was 
novel and encoded a protein distinct from the peripheral myelin 
protein PMP22 but to which it was structurally related. EMP-1 
mRNA was abundant in squamous-differentiated-bronchial-epi-
thelial cells. Only low levels of were detected in other human tis-
sues.29 EMP-1 was subsequently assigned to the Claudin protein 
superfamily as Claudin-20.30 Subsequent work on Claudin-20 
has been sparse, however, in 2005, Jain et al.31 suggested that 
Claudin-20, or EMP-1 to be a surface biomarker, which might 
be correlated with the acquisition of resistance to the (E)pider-
mal (G)rowth (F)actor (R)eceptor (EGFR)/HER2 inhibitor, 
Gefitinib and was further correlated with the absence of response 
in patient lung cancer samples to Gefinitab as well as to second-
ary Gefitinib resistance and clinical progression. Acquisition 
of Gefitinib clinical resistance and Claudin-20 (or EMP-1) 
expression was independent of somatic mutations via Gefitinib-
sensitizing EGFR, suggesting that Claudin-20 could be consid-
ered a biomarker for clinical resistance to Gefitinib. In addition, 
the authors suggested that the may be cross-talk between EGFR 
signaling pathway and Claudin-20.31 Whether or not this is the 
case in breast cancer remains to be seen.

However, a later study investigated the effect of Gefinitab 
on Bam1a breast tumor cells overexpressing HER2/neu and 
ErbB-3 in vitro and in vivo.32 In breast and other cancers, the 
HER2/neu oncogene is an important therapeutic target and a 
diagnostic and prognostic factor. Phosphorylation of the ErbB-3-
EGFR-HER2/neu was reduced with Gefinitab treatment as was 
the phosphorylation of the signal transducers/activators of tran-
scription. This happened in a dose-dependent fashion, leading to 
significant changes in cell behavior such as proliferation, which 
was linked to signaling via Akt. Oral administration of gefitinib 
in in vivo models, prevented outgrowth of Bam1a tumor cells, 
shrank established tumors, eliminated HER2/HER3 phosphor-
ylation, decreased Akt and MAPK signaling. IR-5, a variant of 
Bam1a cells, bears a novel HER2/neu point mutation which cor-
relates with a decrease to sensitivity to gefitinib showed increased 
expression of Claudin-20.32

In the current study, increased expression of Claudin-20 
caused an increased invasive and motile phenotype. TJ function 
in the form of trans-epithelial resistance was reduced; however, 
permeability was not altered. Moreover, growth was not affected, 
in either in vitro or in vivo experiments. In TJ studies, trans-
epithelial resistance and permeability measurements do not 
completely reflect changes in paracellular pathways: they are, all 
together however, composite for both trans-cellular and paracel-
lular paths. TJs provide a barrier block paracellular leakage and 
trans-cellular transport is mediated by proteins situated both api-
cally and basolaterally. The mechanism by which paracellular 

Figure 2. effect of claudin-20 overexpression in human breast cancer cells. confirmation of claudin-20 expression in MDA-MB-231(left) and McF7 
(right) cells (A). increased invasive behavior of MDA-MB-231 (B) and McF7 (C) cells overexpressing claudin-20. reduced adhesion to basement mem-
brane of MDA-MB-231 (D) and McF7 (E) cells overexpressing claudin-20. clausin-20 overexpression reduces transepithelial resistance (F) and paracel-
lular (G) of MDA-MB-231 cells. claudin-20 did not change attachment of MDA-MB-231 cells (H). MDA-MB-231 cells overexpressing claudin-20 exhibited 
increased migratory phenotype (I). imunofluorescent staining to show confirmation of claudin-20 overexpression in MDA-MB-231 cells (J).
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transport is regulated is little understood. Moreover, the mainte-
nance of epithelial cell polarized architecture is an essential func-
tion of TJs. Claudins are involved in regulating the permeability 
of specific ions in a selective manner. This suggests that they may 
regulate and maintain paracellular ionic transfer, which can be 
evaluated in vitro using TER.33

In our study, overexpression of Claudin-20 resulted in decreased 
TER, which would tie in with an increase in aggressive behavior, 
namely increased invasion and motility of the breast cancer cells. 
However, there was some decrease in PCP, which may not have been 
anticipated. A disparate result between TER and PCP in Claudin 
upregulated cells is not unknown. It has been shown that over-
expression of Claudin-5 in (M)adin-(D)arby-(C)anine-(K)idney 
II cells, resulted in an increase in trans-epithelial resistance and 
reduced monovalent cation conductance.31 However, the flux of 
charged/neutral monosaccharides via the paracellular pathway was 
not significantly changed; the authors concluded that permeability 
to ions was selectively reduced upon Claudin-5 expression. When 
Claudin-5 underwent site-directed mutation (first extracellular 
domain amino acid residues), the TJs formed exhibited different 
properties in response to Claudin-5 expression. Cysteine residues 
that are conserved were found to be vital the increased trans-epi-
thelial resistance was prevented when either cysteine was mutated. 
PCP was increased after mutation of Cys64. Charoenphandhu 
et al.34 looked at the effects on expression of Claudin family pro-
teins after (C)hronic (M)etabolic (A)cidosis) in relation to PCP 
and showed that Claudin-1 through -15, Claudin-17 through -20 
and Claduin-22 and Claudin-23 were present in the duodenum 
of normal rats. Following administration of 1.5%NH94 Cl for 21 
d the expression of Claudin-2, Claudin-3, Claudin-6, Claudin-8, 
Claudin-11, Claudin-12, Claudin-14, Claudin-19 and Claudin-22 
were increased significantly, although the expression of Claudin-20 
remained unchanged. Thus the results of the present study showing 
no increase in PCP with upregulation of Claudin-20 would seem 
to agree with the previous study showing no change in Claudin-20 
expression with an increase in PCP. Such results may account for 
the selective permeability exhibited in barrier function.34

It may be inferred that Claudin-20 has a differential role to 
play in breast epithelial cells, not just in the function of the TJ 
complex. A timely review by Webb et al.35 summarized that new 

functions for Claudins outside TJs was supported by the dis-
covery that the disruption and reduction/loss of the TJ struc-
ture occurred during the tumor progression. Moreover, there is 
a distinct expression of Claudin subtypes.36 Unlike Claudin-5 
and Claudin-16 which are significantly reduced in human breast 
cancer, a number of Claudins are upregulated in cancer.13,14 
Claudin-4 is upregulated in breast cancer as are Claudins-3 and 
-7.37,38

Taken together with our study, showing that Claudin-20 is 
increased in aggressive breast tumors and being associated with 
poor patient survival and metastatic disease demonstrates a pos-
sible use of Claudin-20 as a target for therapy and as a marker for 
determining treatment regimens. It is clear that further study is 
required to explicate the potential of Claudin-20.

Materials and Methods

Reagents and antibodies
Anti-Claudin-20 was obtained from Abnova (Abnova GmbH, 

H00049861-M01), anti-actin (sc-8432) from Santa-Cruz 
Biotechnologies Inc. (Santa Cruz, USA), secondary antibody 
anti-mouse peroxidase conjungated from Sigma (Sigma-Aldrich, 
A-9044), secondary antibody anti-goat peroxidase conjungated 
from Sigma (Sigma-Aldrich, A-5420).

Cell lines and culture conditions
The human breast cancer cell lines MDA-MB-231 and 

MCF7was routinely maintained in Dulbecco’s Modified Eagle 
Medium/Ham’s F12 (Sigma-Aldrich, D6421) supplemented 
with 10% fetal calf serum, penicillin and streptomycin. The cells 
were incubated at 37°C, 5% CO2 and 95% humidity.

Human breast specimens
A total of 133 breast samples were obtained from breast cancer 

patients (114 breast cancer tissues and 30 associated background 
or related normal tissue), with the consent of the patients and 
approved by local ethical committee. The anonymised breast tis-
sue samples were obtained within the guidelines of the appro-
priate ethics committee (Bro Taf Health Authority 01/4303 and 
01/4046). Informed patient consent was not applicable in this 
instance (as stated in the Human Tissue Act 2004, UK). The 
pathologist verified normal background and cancer specimens, 

Figure 3. immunoprecipitation of some tight junction proteins by claudin-20.
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and it was confirmed that the background samples were free from 
tumor deposit. These tissues after mastectomy were immediately 
frozen in liquid nitrogen.

Immunohistochemistry of human breast tissue
Cryostat sections of frozen tissue were cut at 6 µm, placed on 

Super Frost Plus slides (LSL UK, Rochdale, UK), air-dried and 
fixed in a 50:50 solution of alcohol:acetone. The sections were 
then air-dried again and stored at -20°C until used. Immediately 
before commencement of immuno-staining, the sections were 
washed in buffer for 5 min and treated with horse serum for 20 
min as a blocking agent to non-specific binding. Negative con-
trols were used where necessary. Primary antibodies were used at 
1:100 dilution for 60 min and then washed in buffer. The second-
ary biotinylated antibody at 1:100 dilution (Universal secondary, 
Vectastain Elite ABC, Vector Laboratories Inc., Burlingham, CA, 
USA) was added (in horse serum/buffer solution) for 30 min, fol-
lowed by numerous washings. Avidin/Biotin complex was added 
for 30 min, again followed with washes. Diaminobenzadine was 
used as a chromogen to visualize the antibody/antigen complex. 
Sections were counterstained in Mayer’s hematoxylin for 1 min, 
dehydrated, cleared and mounted in DPX.

Overexpression of Claudin-20 in MDA-MB-231 in human 
breast cancer cells

A range of normal human tissues were screened for 
Claudin-20. Normal placenta tissue was chosen for endogenous 
expression of Claudin-20. The human breast cancer cell lines 
MDA-MB-231and MCF7 were chosen for introduction of the 
Claudin-20 gene. The gene, after amplification from placenta tis-
sue cDNA was cloned into aPEF6/V5-His TOPO TA plasmid 
vector (Invitrogen Ltd., Paisley, UK) before electroporation into 
the endothelial cells. Expression of the gene was confirmed by 
RT-PCR. The Claudin-20 expression construct and empty plas-
mid were, respectively, used to transfect control cells by electro-
poration. Stably transfected cells were then used for subsequent 
assays after being tested at both transcriptional and translational 
level. Those cells containing the expression plasmid and display-
ing enhanced Claudin-20 expression were designated MDACL20/
MCF7CL20, those containing the closed pEF6 empty plasmid 
and used as control cells were designated MDApEF6/MCF7pEF6 
and unaltered wild type were designated MDAWT/MCF7WT. The 
expression primers were as follows: Claudin-20 (coding region), 
Cldn20ExF1 ATGGCCTCAGCAGGACTC and Cldn20ExR1 
TTACACATAATCCTTCAGATTG (659 bp).

RNA extraction and Reverse Transcription-Polymerase 
Chain Reaction (RT-PCR)

Cells were grown to confluence in a 25cm3 flask before RNA 
was extracted using total RNA isolation (TRI) reagent and fol-
lowing the protocol provided (Sigma-Aldrich, T9424). RNA was 
converted to cDNA using iScript cDNA synthesis kit (Primer 
Design Ltd., Southampton, UK). Following cDNA synthesis, 
samples were probed using GAPDH primers to check the qual-
ity of the cDNA and confirm uniform levels within each sam-
ple together with those specific for the Claudin-20 transcript. 
Conventional PCR was performed using a T-Cy Thermocycler 
(Breacon Technologies Ltd., The Netherlands) using REDTaq® 
ReadyMixTM PCR Reaction mix (Sigma-Aldrich, R2523). 

Cycling conditions were as followed: 94°C for 5 min, 94°C for 
30 s, 55°C for 30 s, 72°C for 30 s and the final extension phase at 
72°C for 7 min for 36 cycles. The PCR products were separated 
on a 2% agarose gel and electrophoretically separated. The gel 
was then stained with ethidium bromide prior to examine under 
UV light and photographs taken.

Real-time quantitative Polymerase Chain Reaction (Q-PCR)
The assay was based on the Amplifluor system. It was used 

to detect and quantify transcript copy number of Claudin-20 
and CK-19 (to normalize data)39 in tumor and background 
samples. Primers were designed by Beacon Designer software, 
which included complementary sequence to universal Z probe 
(Intergen, Inc.). Each reaction contains 10 pmol reverse primer 
(which has the Z sequence), 10 pmol of FAM-tagged univer-
sal Z probe (Intergen, Inc.) and cDNA (equivalent to 50ng 
RNA). Sample cDNA was amplified and quantified over a large 
number of shorter cycles using an iCyclerIQ thermal cycler and 
detection software (BioRad laboratories, Hammelhempstead, 
UK) under the following conditions: an initial 5 min 94°C 
period followed by 60 cycles of 94°C for 10 s, 55°C for 15 s 
and 72°C for 20 s. Detection of GAPDH copy number within 
these samples was later used to allow further standardisation 
and normalization of the samples. The primers for Claudin-20 
were as follow: Cldn20F1 AGCAAACTTTCTGGATCTGA 
and Cldn20ZR ACTGAACCTGACCGTACACA 
GAAAATCATGCCAGAGAT. Primers for CK-19 were 
as follows: CK-19F CAGGTCCGAGGTTACTGAC 
and CK-19ZR ACTGAACCTGACCGTACACA 
CTTTCTGCCAGTGTGTCTTC

Immunofluorescent staining of human breast cancer cells
For immunofluorescence staining, cells were grown in 16-well 

chamber slides (LAB-TEK International, Sussex, UK) (30,000 
cells/well) and incubated in a 37oC/5% incubator for a set period 
of time (0–24h). After incubation, the culture medium was aspi-
rated, the wells rinsed with balanced salt solution (BSS) buffer and 
the cells fixed in methanol for 20 min at -20°C. After fixation the 
cells were washed twice using BSS buffer and permeabilised by 
the addition of 200 µl of 0.1% Triton X-100 (Sigma-Aldrch Ltd, 
Poole, UK) detergent in Phosphate buffered solution (PBS) for 5 
min at room temperature. Cells were rinsed twice with BSS buf-
fer and 200 µl of blocking buffer (10% horse serum in TBS) was 
added to each well and the chamber slide incubated for 40 min 
at room temperature on a bench rocker. The wells were washed 
once with wash buffer (3% horse serum in TBS buffer contain-
ing 0.1% Tween20) and 100 µl of primary antibodies prepared 
in wash buffer was added to the appropriate wells. The chamber 
slide was incubated on the rocker for a further 60 min at room 
temperature. Wells were washed twice with TBS buffer (with 
0.1% Tween20) and cells were incubated in 100 µl of secondary 
antibody (fluorescein isothiocyanate (FITC) conjugate Sigma-
Aldrich Ltd, Poole, Dorset, UK) (diluted in the same manner 
as the primary antibodies) for 50 min. The chamber slide was 
wrapped in foil to prevent light reaching the conjugate. Finally, 
the wells were rinsed twice with wash buffer, once in BSS buf-
fer mounted with FluorSavetm (Calbiochem-Novabiochem Ltd, 
Nottingham, UK) reagent and visualized using an Olympus 
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BX51 microscope with a Hamamatsu (Welwyn Garden City, 
Herts, UK) Orca ER digital camera at X 100 using oil immer-
sion lens.

SDS-PAGE, western blotting and co-immunoprecipitation
Cells were grow to confluence, detached and lysed in HCMF 

buffer containing 0.5% SDS, 0.5% Triton X-100, 2Mm CaCl2, 
100 µg/ml phenylmethylsulfonyl f luoride, 1 mg/ml leupeptin, 
1mg/ml aprotinin and 10Mm sodium orthovanadate for 1 h, 
sample buffer was added and the protein boiled at 100oC for 
5 min before being spun at 13,000 g for 10 min to remove 
insolubles. Protein concentration was quantified using Bio-Rad 
Protein Assay kit (Bio-Rad Laboratories, 500–0001). Equal 
amounts of protein from each cell sample were added onto a 
10% or 15% (depending on protein size) acrylamide gel and 
being subjected to electrophoretic separation. The proteins were 
transferred onto nitrocellulose membranes which were blocked 
and probed with specific primary antibodies (1:500), follow-
ing with peroxidase-conjugated secondary antibody (1:1000). 
Protein bands were visualized with Supersignal West Dura 
system (ThermoScientific, 34075) and detected using a CCD-
UVIprochemin system (UVItec Ltd., Cambridge, UK).

Co-immunoprecipitation samples were prepared as follows: 
cell lysate of the protein of interest was probed with primary anti-
body (1:100 dilution) and placed on a rotating wheel for 2 h allow-
ing the Claudin-20 antibody to bind to its target. One hundred 
microlitres of conjugated A/G protein agarose beads (Santa-Cruz 
Biotechnologies Inc., USA) were added to each sample to make 
the antibody-protein complex insoluble, followed by overnight 
incubation on the rotation wheel. The supernatant was discarded 
and the pellet was washed in 200µl of lysis buffer and resuspended 
in 200µl of 2X Lamelli sample buffer concentrate (Sigma-Aldrich, 
S3041), then denatured for 5 min by boiling at 100°C.

Trans-epithelial resistance (TER)
Cells were seeded into 0.4 µm transparent pore size inserts 

(Greiner Bio-one, 662641) at a density of 50,000 cells in 200µl 
of ordinary medium within 24 well plates, grown to confluence, 
the medium removed and replace with fresh medium contain-
ing 15Mm Hepes, L-Glutamine. Medium alone was added to 
the base of the wells (control) or with 40ng/ml HGF. Resistance 
across the layer of cells was measured using an EVON volt-ohm-
meter (EVON, World Precision Instruments, Aston, Herts, UK), 
equipped with static electrodes (WPI, FL, USA) for a period of 
4 h. Each TER experiment was performed independently at least 
3 times.

Paracellular permeability (PCP)
This was determined using fluorescencently labeled dextran 

FITC-Dextran 40. The cells were prepared and treated as in the 
TER study, but with the addition of Dextran-40 to the upper 
chamber. Medium from the lower chamber was collected for 
intervals up to 4 h and fluorescence from these collections was 
read on a multichannel fluorescence reader (Denly, Sussex, UK). 
Each PCP experiment was performed independently at least 3 
times.

In vitro cell growth assay
Cells were seeded into a 96 well plate at a density of 3,000 

cells/well to obtain density readings after 4 h (day 0), 1 d, 3 d 

and 4 d. Within each experiment four duplicates were set up 
and each experiment was performed 3 times. After appropriate 
incubation periods, cells were fixed in 4% formaldehyde in buff-
ered salt solution for 5–10 min before staining for 10 min with 
0.5% (w/v) crystal violet in distilled water. The crystal violet was 
then extracted from the cells using 10% acetic acid. Absorbance 
was determined at a wavelength of 540nm on a plate reading 
spectrophotometer.

In vitro cell matrix adhesion assay
Briefly, 45,000 cells were seeded onto the Matrigel basement 

(10µg/well) membrane in 200µl of normal medium and incu-
bated at 37°C with 5% CO2 for 40 min. After the incubation 
period, the medium was aspirated and the membrane washed 5 
times with 150µl of BSS to remove the non-attached cells, then 
fixed in 4% formaldehyde (v/v) in buffered salt solution for 
10minutes before being stained in 0.5% crystal violet (w/v) in 
distilled water. The number of adherent cells were counted from 
5 random fields per well and 5 duplicate wells per sample, under 
a microscope and the assay repeated 3 times.

In vitro invasion cell assay
Cell culture inserts (Greiner Bio-One, 665638) were placed 

into a 24-well plate using forceps and coated in Matrigel. The 
working solution of Matrigel was prepared at a concentration of 
0.5mg/ml in PCR water, adding 100µl to each insert and allow-
ing to dry overnight. Once dried the inserts were rehydrated in 
100µl sterile water for 1 h. The water was then aspirated and 
cells were seeded in the inserts over the top of the artificial base-
ment membrane at a density of 30.000 cells in 200µl per well. 
The plates were then incubates for 3 d at 37°C with 5% CO2. 
After the incubation period, the Matrigel layer together with 
the non-invasive cells was cleaned from the inside of the insert 
with a tissue paper. The cells which had migrated through the 
pores membrane and invaded into the Matrigel, were fixed in 
4% formaldehyde (v/v) in BSS for 10 min before being stained 
in 0.5% crystal violet (w/v) in distilled water. The cells were then 
visualized under the microscope under X40 magnification, 5 
random fields counted and duplicate inserts were set up for each 
test sample. Each invasion assay was performed in triplicate and 
in 3 independent experiments.

Electric cell impedence sensing (ECIS)
ECIS (electric cell impedence sensing) instrument (Applied 

Biophysics Inc., NJ, USA) was used for motility assay (wounding 
assay), wounding/cell modeling analysis in the study model. The 
ECIS instrument measures the resistence/impedance and capaci-
tance of cells attached to a gold electrode. The arrays were seeded 
at a density of 40,000 cells in 400 µl of medium with 15Mm 
Hepes, L-Glutamine to achieve confluent monolayers following 
treatment with motility-related inhibitors. After 24 h in culture, 
the confluence and viability of the cell monolayer was confirmed 
by a light microscope, thus another electrode check was run to 
check the impedance value of the array to ensure correct position 
of the contacts. The monolayer of cells was electrically wounded 
with a 5V AC at 4,000Hz for 30 s. Impedance and resistance of 
the cell layer were immediately recorded every millisecond for a 
period of up to 24 h. Replicates (12) were performed within each 
experiment, whuch was then repeated 4 times.
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In vivo development of mammary tumor
Athymic nude mice (nu/nu) were purchased from Charles 

River Laboratories (Charles River Laboratories, Kent, UK) and 
maintained in filter top units according to Home office regula-
tion. Each group of mice consisted of 5 mice and each mouse 
was injected with a mix of 2x106 cancer cells in 100 µl in a 0.5 
mg/ml Matrigel suspension in both flanks. Two groups were 
included: MDApEF6 control transfected cells, and MDACL20 
displaying enhanced Claudin-20 expression. The mice were 
weighted and the size of the growing tumor measured using ver-
nier callipers under sterile conditions every week. Those mice 
that developed tumors exceeding 1cm3 or suffered 25% weight 
loss during the experiment were terminated under Schedule 1 
according to the UK Home Office and the UK Coordinating 
Committee on Cancer Research (UKCCCR) instructions. At the 
end of the experimental work, animals were weighed, terminated 
under Schedule 1 and tumors were removed if of sufficient size. 
Tumour volume was determined, at each point, using the follow-
ing formula: tumor volume = 0.523 x width2 x length.

Statistical analysis
Results data was analyzed using SigmaPlot software (version 

11.0). The statistical comparisons between the test (MDACL20/
MCF7CL20) and the control cell lines, using as control wild type 
cells (MDAWT/MCF7WT) or cells containing a closed pEF6/ 
V5-His TOPO TA plasmid vector (MDApEF6/MCF7pEF6) 
were made using a Students two sample t-test. In all cases 95% 
confidence intervals were used. Kaplan Meier was used to deter-
mine patient survival (The patients were divided into those with 
high levels and those with low levels of Claudin-2 transcripts, 
with levels from patients who had a moderate prognostic index 
(NPI-2 group) as the cut-off point.).
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